Introduction {#Sec1}
============

Malignant tumors are a serious threat to life, and chemotherapy remains one of the main therapies used to treat malignant tumors. However, chemotherapy drugs not only eliminate tumor cells but also kill a large number of normal tissue cells, especially rapidly differentiating intestinal mucosal cells, which leads to intestinal mucosal injury, known as mucositis \[[@CR1], [@CR2]\]. The incidence of intestinal mucosal injury caused by chemotherapy is \~40%, and among these cases, the incidence of intestinal mucosal injury from 5-fluorouracil (5-FU) and methotrexate is as high as 90% \[[@CR1]\]. The symptoms of mucositis include diarrhea and inflammation. Diarrhea can cause dehydration and electrolyte imbalance and even be life-threatening. Bacterial infection caused by mucosal inflammation leads to severe systemic infections in patients \[[@CR3], [@CR4]\]. However, current treatments for chemotherapy-induced mucositis, such as amifostine, loperamide, octreotide, sucralfate and anti-inflammatory agents, have limited effects \[[@CR5]--[@CR9]\]. Thus, an urgent need to develop novel therapeutic strategies that target intestinal mucositis exists.

Although the pathogenesis of intestinal mucositis is not completely understood, it has been reported that reduced cellular proliferation and increased apoptosis in the intestinal epithelium cause the loss of intestinal structure and function, primarily via villus shortening and crypt ablation \[[@CR10]\]. Furthermore, chemotherapy initiates the release of reactive oxygen species (ROS) and proinflammatory cytokines, which play an indirect role in amplifying the intestinal damage \[[@CR10], [@CR11]\].

The administration of exogenous superoxide dismutase (SOD) can eliminate ROS produced in the initial stage of mucosal injury \[[@CR12]\], thereby improving or delaying injury; therefore, SOD is a potential therapeutic drug. Since the 1990s, products containing SOD have gradually been introduced onto the market. For example, Palosein^®^ (Oxis International Inc., USA), which is extracted from bovine blood, was once marketed in Europe for the treatment of inflammation and prevention of radiation-induced side effects, but this drug was withdrawn due to immune reactions \[[@CR13]\]. GliSODin^®^ (Isocell Pharma, France), which is a combination of cantaloupe extract and gliadin, was targeted to the intestine, but fragments generated by its hydrolysis caused allergic reactions \[[@CR14]\]. Although many researchers have modified SOD via genetic engineering to overcome these defects, many problems still exist, e.g., ordinary SOD products have a poor resistance to high temperature or long-term storage in the drug preparation process. Even worse, because SOD is a macromolecule, transdermal absorption is limited, and SOD is easily digested and degraded by proteases in the gastrointestinal tract when orally administered.

MS-Superoxide Dismutase (MS-SOD) \[[@CR15]\] is a new and highly stable manganese SOD obtained from a mutant high-temperature-resistant SOD strain. Compared with wild-type SOD and ordinary heat-resistant SODs, MS-SOD is more stable and shows better resistance to pepsin and trypsin, making MS-SOD a potential candidate for clinical development. MS-SOD is thus expected to be a new treatment for intestinal mucositis.

In addition, MS-SOD has been prescribed to treat gastrointestinal disorders and shown promise in alleviating the symptoms of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis in zebrafish by markedly modulating inflammation and ulceration \[[@CR15]\]. However, no further research on MS-SOD has been conducted in rodents, and whether MS-SOD is effective against chemotherapy-induced intestinal mucositis remains unknown. Therefore, in the current study, the effect of MS-SOD on 5-FU-induced intestinal mucositis was investigated in mice. MS-SOD treatment was found to reduce intestinal injury by attenuating morphological damage, bodyweight loss, and diarrhea. The influence of MS-SOD on oxidative stress, inflammation and intestinal microbes was further explored.

Materials and methods {#Sec2}
=====================

Animals and experimental design {#Sec3}
-------------------------------

This study was conducted in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health. The protocols were approved by the Committee on Ethics of Shanghai Institute of Materia Medica. Briefly, 6- to 8-week-old male specific pathogen-free C57/BL6 mice weighing 20--24 g were obtained from Shanghai Laboratory Animal Co. (Shanghai, China). All mice were maintained in plastic cages with free access to food and water and housed at 20--25 °C with a 12 h light/dark cycle. The mice were fed for one week to acclimate them to the environment before the experiment. The animals were distributed as follows: Group I---Control (untreated), Group II---5-FU (vehicle alone), and Group III---5-FU + MS-SOD. Intestinal mucositis was induced in Groups II and III via the intraperitoneal administration of 50 mg/kg 5-FU (Sigma--Aldrich, St Louis, MO, USA) for 5 days \[[@CR16]\]. Mice in Groups II and III were also treated orally (by gavage) with water or MS-SOD, respectively, for 9 days, while vehicle was administered to the mice in Group I. On the 4th, 6th, 8th and 10th days, the animals were sacrificed (*n* = 6/group). Body weights, intestine lengths, and the results of diarrhea assessment and histopathological analysis were recorded for all animals. In the other assays, the animals were sacrificed on day 6.

Chemicals {#Sec4}
---------

5-FU was dissolved in a 5% glucose solution at a concentration of 5 mg/mL. MS-SOD (Redox, Suzhou, China, 4200 U/mg) was dissolved in water at a concentration of 1.9 mg/mL. All drugs were prepared immediately before use and administered via intraperitoneal (i.p.) injection or intragastrically (i.g.) at a volume of 0.1 mL/10 g of body weight.

Assessment of body weight and diarrhea {#Sec5}
--------------------------------------

The animals were weighed daily during the induction process, and the results are expressed as variation in body weight (%) relative to the initial weight at the beginning of the experiment. Diarrhea severity was scored using the following scale: 0, normal (normal stool); 1, minimal (soft stool); 2, slight (slightly wet and soft stool); 3, moderate (wet and unformed stool with moderate perianal staining of the coat); or 4, severe (watery stool with severe perianal staining of the coat). The number of diarrhea scores of 0 to 4 and the average diarrhea score were used to evaluate the severity of diarrhea \[[@CR17]\]. The first day on which the severity of diarrhea was observed was treated as the "onset of diarrhea." The bleeding score was detected using fecal occult blood (OB) test paper (BASO Diagnostics Inc., Zhuhai, China) \[[@CR18]\].

Intestinal length measurement and histopathological analysis {#Sec6}
------------------------------------------------------------

The intestine of each animal was dissected, and its length was measured. Then, the small intestine and large intestine were washed with phosphate-buffered saline (PBS) and fixed in 10% phosphate-buffered formalin (pH 7.4) for histopathological evaluation. Tissue samples were then dehydrated and embedded in paraffin, sectioned (4 μm thickness), and stained with hematoxylin and eosin (H&E). Histological lesions were scored by a pathologist at the Center for Drug Safety Evaluation and Research at the Shanghai Institute of Materia Medica. Each slide was subsequently photographed using a light microscope (Axio Scope A1, Carl Zeiss, Jena, TH, Germany) with a ×20 objective lens.

Determination of mRNA expression via quantitative PCR {#Sec7}
-----------------------------------------------------

The small intestine tissue was washed with PBS, and total RNA was extracted from 20-mg samples using TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. A PrimeScript RT kit (TaKaRa, Osaka, Japan) was used for cDNA synthesis using quantitative real-time polymerase chain reaction (qPCR) with a Rotor-Gene Qplex-HRM system (Qiagen, Redwood City, CA, USA) using SYBR^®^ Premix Ex Taq^TM^ II (TaKaRa). The specific primer sequences used to amplify GAPDH, IL-6, IL-17α, IL-22, CXCL1, CXCL2, Claudin-2 and Occludin are listed in Table [1](#Tab1){ref-type="table"}. All mRNA expression levels were calculated using the comparative CT (ΔΔCT) method (normalized to the mean value of the control group).Table 1Primer sequences for quantitative real-time PCR analysisGenePrimer sequencesGAPDHForward (5′−3′)AACTTTGGCATTGTGGAAGGReverse (3′−5′)ACACATTGGGGGTAGGAACANrf2Forward (5′−3′)CTTTAGTCAGCGACAGAAGGACReverse (3′−5′)AGGCATCTTGTTTGGGAATGTGOccludinForward (5′−3′)ATGGCAAGCGATCATACCCReverse (3′−5′)TTCCTGCTTTCCCCTTCGIL-6Forward (5′−3′)GACTTCCATCCAGTTGCCTTCTReverse (3′−5′)AGACAGGTCTGTTGGGAGTGGTAIL-17αForward (5′−3′)GTGAAGGCAGCAGCGATCATReverse (3′−5′)GCGCCAAGGGAGTTAAAGACTIL-22Forward (5′−3′)AGCTGCCTGCTTCTCATTGCReverse (3′−5′)GACGATGTATGGCTGCTGGAAIL-1βForward (5′−3′)GAAATGCCACCTTTTGACAGTGReverse (3′−5′)TGGATGCTCTCATCAGGACAGCXCL1Forward (5′−3′)GCTCCCTTGGTTCAGAAAATTGReverse (3′−5′)TCACCAGACAGGTGCCATCACXCL2Forward (5′−3′)CCTGCCAAGGGTTGACTTCReverse (3′−5′)TTTTGACCGCCCTTGAGAGT

Preparation of intestinal tissue homogenates {#Sec8}
--------------------------------------------

A small intestinal segment was removed from each animal and stored at −20 °C for subsequent analysis. After thawing, 100 mg of each intestinal sample was washed in PBS (pH 6.0) and transferred to a tube, and 1 mL of PBS was added to each tube. The tissues were then homogenized using a Scientz-48 tissue grinder (Ningbo Scientz Biotechnology Co., Ningbo, China) and then centrifuged at 400 × *g* at 4 °C for 15 min. The obtained supernatants were used in assays. The experiments were carried out in triplicate.

ROS and detection of total antioxidant capacity {#Sec9}
-----------------------------------------------

Intestinal tissue homogenates were centrifuged, washed in PBS and loaded with 50 μM 2′,7′-dichlorofluorescein-diacetate (DCFH-DA) for 10 min at 37 °C to determine the ROS content. Fluorescence was detected with a BIOTEK S4 ML FPTAD instrument (BioTek, Milton, VT, USA). The total antioxidant capacity was detected using a T-AOC assay kit (Beyotime, Nanjing, China). Moreover, a mouse myeloperoxidase (MPO) ELISA kit (Cusabio, Wuhan, China) was used to detect MPO content.

Western blotting {#Sec10}
----------------

Mouse intestinal tissues (30 mg) were lysed with radioimmunoprecipitation assay buffer (Beyotime). Protein lysates were separated on 10% SDS-PAGE gels and electrophoretically transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skim milk and incubated overnight at 4 °C with antibodies against occludin (Abcam, Cambridge, MA, USA), nuclear factor (erythroid-derived 2)-like 2 (Nrf-2; Enzo Life Sciences, Inc., Farmingdale, NJ, USA) and heme oxygenase 1 (HO-1; Enzo Life Sciences, Inc.). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). Protein band chemiluminescence was detected using an ECL Plus immunoblot detection system (Millipore) and analyzed by densitometry. The housekeeping gene was detected on the same membrane using a monoclonal rabbit anti-GAPDH antibody (1:5000 dilution; ab9485, Abcam) to confirm equivalent protein loading.

Bacterial DNA extraction/sequencing and analysis of bacterial 16S rDNA {#Sec11}
----------------------------------------------------------------------

Fecal samples were suspended in PBS and centrifuged at 14 000 × *g*, and the pellets were resuspended in 100 mM Tris-HCl (pH 9.0) containing 40 mM EDTA and 1% sodium dodecyl sulfate. The suspension was mixed with buffer-saturated phenol and 0.1-mm glass beads and shaken at 800 × *g* for 10 s. After centrifugation at 14 000 × *g* for 5 min, the supernatant was collected, extracted with phenol-chloroform and precipitated with isopropanol. The resulting DNA pellet was washed with 70% ethanol, dried and dissolved in 10 mM Tris-HCl (pH 8.0) with 1 mM EDTA. The composition of the intestinal microbial community was analyzed based on the V3-V4 region in 16S rRNA (Majorbio, Shanghai, China).

In vitro cell system tests {#Sec12}
--------------------------

Human colorectal adenocarcinoma (Caco2) cells were treated with tert-butyl hydroperoxide (tBHP) to induce the generation of ROS. In brief, 31.25 µM tBHP was added to wells containing Caco2 cells for 1 h, and MS-SOD at the indicated concentrations was also added simultaneously (Supplementary Fig. [S1](#MOESM2){ref-type="media"}). Cells were incubated for 30 min with 25 µM DCFH-DA, and the ROS content was then detected with the fluorescence method described above.

RAW264.7 cells were preincubated with 500 U/mL MS-SOD for 6 h and then stimulated with 10 g/mL LPS to induce the generation of inflammatory cytokines. Samples were collected 6 h after LPS stimulation, and IL-1β, IL-6, TNF-α and inducible nitric oxide synthase (iNOS) mRNA expression levels were measured as described above.

Statistical analysis {#Sec13}
--------------------

Data were analyzed and graphed using GraphPad Prism software (version 5.03; GraphPad Software, Inc., La Jolla, CA, USA) and are expressed as the means ± SEM. Student's *t*-tests were used to determine the significance of differences. A Wilcoxon rank-sum test was used to analyze data at the phylum level. *P* \< 0.05 indicated statistical significance.

Results {#Sec14}
=======

MS-SOD reduced body weight loss and diarrhea induced by 5-FU {#Sec15}
------------------------------------------------------------

Repeated 5-FU administration (50 mg/kg) for 5 days (days 1--5) decreased the body weights of the animals (Fig. [1a, b](#Fig1){ref-type="fig"}). Significant body weight loss was observed on day 3 and reached 16% reduction on day 5. The body weights gradually recovered after 5-FU withdrawal. Once-daily administration of MS-SOD (800 IU/10 g) until day 9 reduced body weight loss during or after 5-FU treatment, and this effect was significant on days 5, 8 and 9. Diarrhea and fecal blood are common gastrointestinal symptoms of mucositis following chemotherapy \[[@CR19]\]. No abnormalities were observed in the control group. However, 5-FU treatment caused an elevation in the diarrhea score on day 4, and these symptoms persisted after 5-FU withdrawal. MS-SOD treatment had an antidiarrheal effect (Fig. [1c](#Fig1){ref-type="fig"}). Consistent with 5-FU-induced diarrhea, fecal blood was also observed on day 4, and the fecal blood score was worsened daily until sacrifice. A reduction in the fecal blood score was also found in the MS-SOD treatment group (Fig. [1d](#Fig1){ref-type="fig"}).Fig. 1Schedule for the administration and effects of MS-SOD on 5-FU-induced changes in body weight, diarrhea and fecal blood score in mice. MS-SOD (800 IU/10 g, i.g.) or vehicle (diluted water, i.g.) was administered from day 1 to day 9, and 5-FU (50 mg/kg, i.p.) or vehicle (saline, i.p.) was administered from day 1 to day 5. Animals were sacrificed on days 4, 6, 8 and 10 (*n* = 6/group) (**a**). Overview of the study setup. The body weight of mice treated with vehicle or MS-SOD was recorded daily (**b**), and diarrhea and fecal blood scores (**c**, **d**) were recorded from day 4. Significant body weight loss induced by 5-FU was observed on day 3, and MS-SOD significantly reduced this loss on days 5, 8 and 9. Diarrhea and the fecal blood score were worsened daily in the vehicle group, but MS-SOD treatment reduced the score each day. The data are presented as the means ± SEM (*n* = 6); \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 according to unpaired *t*-tests

MS-SOD attenuated intestinal injury {#Sec16}
-----------------------------------

The intestinal damage induced by chemotherapy is partially manifested by a reduction in intestinal length \[[@CR20]\]. In the current study, the lengths of both the small intestine and colon were reduced in 5-FU-treated animals, and a significant reduction in small intestine and colon length was observed on day 6. Treatment with MS-SOD prevented this decrease (Fig. [2b](#Fig2){ref-type="fig"}). Furthermore, to evaluate 5-FU-induced mucosal damage at the microscopic level, H&E-stained sections of the small intestine and colon were examined. Villus height and crypt depth were reduced throughout the small intestine in all 5-FU-treated groups compared with those in the control group. Mucosal erosion and subacute inflammation occurred in the colons of mice in the 5-FU-treated groups. However, in the MS-SOD-treated mice, the villus height, crypt depth, mucosal erosion and subacute inflammation in the intestine were improved compared with those in mice in the 5-FU group, and this difference was significant on day 6. Furthermore, the mucosa was thicker following MS-SOD treatment compared with that in the 5-FU group (Fig. [2a](#Fig2){ref-type="fig"}). The reduction in intestine length observed with 5-FU treatment was gradually reversed in the mice after 5-FU withdrawal.Fig. 2Histological changes and shortening of the small intestine and colon after 5-FU administration and MS-SOD treatment. Five days after 5-FU challenge, the small intestine (**a**) and colon (**b**) from control, 5-FU, and 5-FU + MS-SOD mice were sectioned and prepared for H&E staining (×200), and shortening of the small intestine (**c**) and colon (**d**) was assessed to evaluate the severity of mucositis. Villus height and crypt depth reduction in the small intestine occurred in the 5-FU group, accompanied by mucosal erosion and subacute inflammation in the colon. Additionally, the intestinal length was decreased due to atrophy induced by 5-FU, but MS-SOD treatment improved the symptoms. The data are presented as the means ± SEM (*n* = 6); \**P* \< 0.05 according to unpaired *t*-tests

MS-SOD increased occludin expression {#Sec17}
------------------------------------

Occludin is an important protein for tight junction stability and barrier function \[[@CR21]\]. Previous studies have indicated that mice that do not express occludin show morphological instability in several epithelial tissues and chronic inflammation \[[@CR21]\]. The occludin mRNA (Table [1](#Tab1){ref-type="table"}) and protein levels in the small intestine were decreased in mice after 5 days of treatment with 5-FU, which was in accordance with the observed microscopic damage. However, the occludin mRNA and protein expression levels in MS-SOD-treated mice were increased compared with those in the 5-FU group (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3Effects of MS-SOD on tight junctions and cytokines in the small intestine after 5-FU treatment. qPCR analysis was performed to measure the transcription levels of occludin (**a**), IL-6, IL-17α, IL-22 (**c**), CXCL1 and CXCL2 (**d**). Western blotting was used to measure the translation level of occludin (**a**). An ELISA was used to measure the IL-6 concentration in serum (**c**). Both occludin mRNA and protein levels in the small intestine were decreased in mice after 5 days of 5-FU injection but were increased in the MS-SOD group. The mRNA expression levels of the main pro-inflammatory cytokines, IL-6, IL-17α and IL-22 as well as the chemokines CXCL1 ans CXCL2, were upregulated in the 5-FU group, but these cytokines were downregulated in MS-SOD-treated mice. The serum IL-6 concentration was in accordance with the mRNA level. ELISA method was used for MPO content measure. MPO content in intestinal tissue homogenates was significantly increased in the 5-FU group, but did not decrease in MS-SOD group (**b**). The data are shown as the means ± SEM (*n* = 6). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. In **a**, the repeated blots in each group indicate three individuals

MS-SOD decreased cytokine expression {#Sec18}
------------------------------------

After treatment with 5-FU, the expression of IL-6, IL-17α, IL-22, CXCL1 and CXCL2 mRNA in the small intestine was upregulated \[[@CR22], [@CR23]\]. The concentration of IL-6 in the serum was also found to be increased. IL-6 is one of the main proinflammatory cytokines. IL-17α and IL-22, which are signature cytokines of T helper cell 17, might initiate and amplify multiple proinflammatory pathways and have also been reported to be related to Crohn's disease and ulcerative colitis. It has been reported that 5-FU could increase CXCL1 and CXCL2 expression in the intestinal tracts of mice, which may be related to the degree of inflammation and diarrhea \[[@CR24]\]. These cytokines were downregulated in MS-SOD-treated mice (Fig. [3c, d](#Fig3){ref-type="fig"}). Moreover, a significant increase in MPO content was found in the 5-FU group (*P* \< 0.05, Fig. [3b](#Fig3){ref-type="fig"}), but MS-SOD did not significantly decrease the MPO level after intervention.

MS-SOD reduced ROS content and elevated antioxidant capacity {#Sec19}
------------------------------------------------------------

Following 5-FU injection, ROS were released in the small intestine, and their levels were significantly increased in the 5-FU group compared with those in the control \[[@CR11]\]. However, a reduction in ROS was observed in MS-SOD-treated mice (Fig. [4a](#Fig4){ref-type="fig"}). The total antioxidant capacity in the small intestine was decreased in the 5-FU group. MS-SOD treatment elevated the antioxidant capacity on day 3, but the effect was not significant later in the experiment (Fig. [4b](#Fig4){ref-type="fig"}). In addition, when we examined the groups after 5 days of treatment, we found that 5-FU treatment decreased Nrf2 mRNA and protein expression in the small intestine, but MS-SOD increased both Nrf2 and heme oxygenase-1 (HO-1) expression in the small intestine (Fig. [4c](#Fig4){ref-type="fig"}) \[[@CR25]\]. Nrf2, a transcription factor and the master regulator of numerous antioxidants and antiapoptotic proteins (including HO-1), accumulates in the nucleus during oxidative injury. In addition, tissue SOD is a downstream antioxidant factor of activated Nrf2, and SOD activity was upregulated in MS-SOD-treated mice (Fig. [4d](#Fig4){ref-type="fig"}). Taken together, these results suggest that MS-SOD partially exerts its beneficial effects via a reduction in ROS accumulation and oxidative stress accompanied by activation of the antioxidant pathway.Fig. 4Effects of MS-SOD on ROS levels and antioxidant capacity in the small intestine during 5-FU treatment. The ROS content and total antioxidant capacity of the small intestine at different times were detected using commercial kits (**a**, **b**). qPCR analysis was performed to measure the transcription level of Nrf2. Western blotting was performed to measure the level of HO-1 and Nrf2 translation (**c**). Activity of SOD and the content of superoxide were detected via kits (**d**). MS-SOD reduced the ROS content and increased the total antioxidant capacity in the small intestine during 5-FU injection. MS-SOD increased both Nrf2 and HO-1 expression in the small intestine after 5 days of 5-FU treatment. MS-SOD also increased the activity of SOD and decreased the superoxide content. The data are shown as the means ± SEM (*n* = 6). \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. In (**c**), the repeated blots in each group indicate three individuals

MS-SOD had an effect on intestinal microbes {#Sec20}
-------------------------------------------

The gastrointestinal tract harbors a wide variety of microorganisms known as intestinal microbes. Studies have found that 5-FU administration changes the intestinal microbes in mice and that these changes are one of the factors associated with intestinal mucosal injury \[[@CR26]\]. In this study, second-generation sequencing was used to determine and quantify the intestinal flora in mice. At the phylum level, the abundance of Bacteroides decreased, but the abundance of Lachnospiraceae and Verrucomicrobia increased in the 5-FU group compared with that in the control group. MS-SOD reversed these effects (Fig. [5a](#Fig5){ref-type="fig"}). The specific data are shown in Table [2](#Tab2){ref-type="table"}. We also performed the analysis at the genus level among the three groups (Fig. [5b](#Fig5){ref-type="fig"}).Fig. 5Effects of MS-SOD on gut microbes after 5-FU treatment. Cecum feces were collected on day 6, and the relative abundance of microbes was analyzed via next-generation sequencing of bacterial 16S DNA. At the phylum level, 5-FU treatment decreased the abundance of Bacteroides but increased the abundance of Lachnospiraceae and Verrucomicrobia compared with the control mice. MS-SOD reversed this situation (**a**). At the genus level, more detailed changes were observed (**b**)Table 2Effect of MS-SOD on 5-FU-induced changes in mouse bacterial floraBacteroidetesFirmicutesProteobacteriaActinobacteriaTenericutesVerrucomicrobiaControl57 ± 9.4242.39 ± 9.510.22 ± 0.130.35 ± 0.210.02 ± 0.020 ± 05-FU50.76 ± 10.2447.93 ± 10.640.86 ± 0.750.16 ± 0.110.16 ± 0.067^\#\#^0.12 ± 0.17^\#^5-FU + MS-SOD69.21 ± 6.50^\*^27.95 ± 5.76^\*^2.48 ± 4.770.18 ± 0.110.17 ± 0.150 ± 0^\*\*^Animals were administered 50 mg/kg 5-FU via intraperitoneal injection once daily for 5 days (days 1 to 5), with or without 800 U/10 g MS-SOD coadministered daily. Feces were collected on day 6, and bacterial 16S rDNA was quantified via PCR. The data are shown as the mean (%) ± SD (%) values from 6 animals per group. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 vs. control; \**P* \< 0.05, \*\**P* \< 0.01 vs. animals treated with 5-FU onlyAccording to the community abundance, species with significant differences in richness in microbial communities between different groups were found. At the phylum level, the relative abundance of Bacteroides in MS-SOD-treated mice was higher than that in the model group (*P* \< 0.05), and the relative abundance of Firmicutes was lower than that in the model group (*P* \< 0.05). In addition, The Verrucomicrobia population was significantly increased in the model group (*P* \< 0.05) and was significantly decreased after MS-SOD administration (*P* \< 0.01)

MS-SOD inhibited tBHP-induced ROS generation in Caco-2 cells {#Sec21}
------------------------------------------------------------

As shown by the results in Fig. [6](#Fig6){ref-type="fig"}, MS-SOD decreased ROS generation in Caco2 cells in a dose-dependent manner, which indicated that MS-SOD can dose-dependently inhibit tBHP-induced ROS generation.Fig. 6In vitro activity of MS-SOD in tBHP treated Caco-2 cells. Cells were treated with 31.25 µM tert-butyl hydroperoxide (tBHP) for 1 h, and MS-SOD at the indicated concentrations were also added simultaneously. Cells were incubated for 30 min with 25 µM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) and harvested for ROS content detection. tBHP induced an increase in ROS generation in Caco2 cells, but MS-SOD significantly decreased tBHP-induced ROS generation in a dose-dependent manner. \*\**P* \< 0.01, \*\*\**P* \< 0.001

MS-SOD inhibited LPS-induced ROS generation in RAW264.7 cells {#Sec22}
-------------------------------------------------------------

MS-SOD (500 U/mL) had no significant effect on inflammatory cytokines but inhibited the expression of iNOS mRNA (Fig. [7](#Fig7){ref-type="fig"}). iNOS is mainly produced in pathological conditions, which further damages cells \[[@CR27]\]. Therefore, inhibiting iNOS expression may also be a target for the treatment of inflammation \[[@CR27], [@CR28]\].Fig. 7In vitro activity of MS-SOD in LPS-treated RAW264.7 cells. RAW264.7 cells were pre-incubated with 500 U/mL MS-SOD for 6 h, then stimulated with 10 g/mL LPS and samples were collected 6 h after LPS stimulation, IL-1β, IL-6, TNF-a and iNOS mRNA expression levels were measured with qPCR. LPS induced an increase in ROS generation in RAW264.7 cells, but MS-SOD significantly decreased LPS-induced ROS generation. \**P* \< 0.05, \*\**P* \< 0.01

Discussion {#Sec23}
==========

5-FU is one of the most common chemotherapeutic agents used for the treatment of malignant tumors \[[@CR29]\]. However, 5-FU frequently causes intestinal mucositis, which is accompanied by severe diarrhea \[[@CR2]\]. The serious side effects of 5-FU impair patient quality of life and might lead to the discontinuation of cancer chemotherapy. Therefore, effective countermeasures against 5-FU-induced intestinal mucositis are necessary.

In the current study, we found that the novel SOD product MS-SOD contributes to a reduction in 5-FU-induced intestinal mucositis. MS-SOD was constructed through genetic modification of the thermophilic HB27-encoded SOD gene and expressed in competent *E. coli* BL21 for batch production \[[@CR15]\]. Compared with the reported products of thermophilic bacteria extraction, MS-SOD has a comprehensive advantage in its resistance to high temperature and pepsin and trypsin treatment, which precludes the generation of oral degradation fragments and maintains MS-SOD activity after its oral administration \[[@CR15]\]. Therefore, MS-SOD has been proposed as a therapeutic agent targeted to the intestine with demonstrated efficacy in the treatment of 5-FU-induced mucositis.

Several studies have demonstrated that the administration of 5-FU to experimental animals produces diarrhea and decreases body weight, accompanied by morphological damage to the intestine \[[@CR16]\]. Our study indicated that the repeated administration of 5-FU (50 mg/kg) to mice causes severe intestinal mucositis. This mucositis is morphologically characterized by shortening of the villus height and the destruction of crypts in the small intestine. Once-daily administration of MS-SOD reduced the severity of 5-FU-induced morphological intestinal damage and clinical symptoms, including diarrhea and body weight loss. 5-FU-induced diarrhea is closely associated with intestinal mucositis severity, and deteriorating systemic conditions followed by diarrhea and dehydration which result in body weight loss \[[@CR16]\]. Therefore, MS-SOD could be effective against 5-FU-induced intestinal mucositis and its related clinical symptoms. Because the intestinal epithelium renews every 3--5 days \[[@CR30]\], mice injected with 5-FU once daily for 5 days showed severe mucositis gradually during the initial stage of the experiment but exhibited self-renewal after the withdrawal of 5-FU. The administration of MS-SOD alleviated the mucositis caused by 5-FU primarily in the first 3--5 days; we chose animals that were treated for 5 days for detailed studies because MS-SOD directly scavenges superoxide radicals and because the initial injury factor and effects of superoxide radicals occur predominant early in disease progression. We did not emphasize the recovery stage in the mice because of the ability of the intestinal epithelium to renew. The mice appeared to experience faster recovery after the withdrawal of 5-FU due to the effects of MS-SOD.

Although the pathogenesis of 5-FU-induced intestinal mucositis is not fully understood, several pathogenic elements in addition to its direct cytotoxicity are thought to be involved; these elements include ROS, abnormal inflammation and intestinal flora disorder \[[@CR11]\]. ROS induction in particular is the initial event in intestinal mucositis induced by 5-FU \[[@CR11]\]. Then, excess ROS levels activate a cascade of inflammatory pathways. ROS overproduction and inflammation destroy the antioxidant system, and ROS cannot be scavenged in time, which causes oxidative stress and cell damage. The loss of mucosal integrity results in notably painful lesions that are prone to superficial bacterial colonization. These breaks in the mucosa serve as portals of entry for numerous microorganisms.

Our study determined the overproduction of ROS after the administration of 5-FU. These findings suggest that ROS are important in the initiation of 5-FU-induced intestinal mucositis. ROS levels were significantly lower after the administration of MS-SOD. MS-SOD attenuated oxidative stress in response to 5-FU and induced the antioxidant HO-1-Nrf2 pathway. Thus, MS-SOD significantly reduces 5-FU-induced intestinal mucositis via inhibiting oxidative stress in intestinal crypts (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8Possible mechanism by which MS-SOD reduces intestinal injury in mice with 5-FU-induced mucositis. The n**o**vel SOD product MS-SOD demonstrated efficacy in treatment of 5-FU-induced intestinal mucositis in this study. MS-SOD exerted effects through the following three main aspects. First, MS-SOD reduced ROS levels at the early stage of mucositis, thus contributing to inhibition of oxidative stress in intestinal crypts. Second, MS-SOD inhibited the expression of select cytokines associated with inflammation in the intestine. Third, MS-SOD changed the relative abundance of intestinal flora in the model mice. These three factors are relevant in the pathogenesis of mucositis, and MS-SOD improved these factors, suggesting several possible mechanisms by which MS-SOD can reduce mucositis

Indeed, several studies have demonstrated that 5-FU-induced apoptosis can be potently prevented by inhibiting cytokine expression. In the current study, 5-FU administration caused the upregulation of cytokines related to inflammation and diarrhea, IL-6, IL-17α, IL-22, CXCL1 and CXCL2, in the small intestine. Interestingly, MS-SOD significantly attenuated the upregulation of these cytokines. We also detected the concentration of cytokines in both the serum and intestine, but most of these factors were difficult to detect in the intestine. Therefore, we chose to detect mRNA expression, and most of the cytokines in the intestine did not exhibit differences in expression between the 5-FU-treated mice and MS-SOD-treated mice. Indeed, orally administered MS-SOD did not circulate in the blood and thus might have no effect on hematologic indexes (Supplementary Fig. [S2](#MOESM3){ref-type="media"}).

Basic and clinical studies have demonstrated that cancer chemotherapy induces dysbiosis \[[@CR18]\]. We also examined the influence of 5-FU and MS-SOD on the intestinal flora in mice. 5-FU decreased the relative abundance of Bacteroides and increased the relative abundance of Lachnospiraceae compared with their abundance in the control group. 5-FU treatment also increased the abundance of Verrucomicrobia. *Akkermansia muciniphila*, which belongs to the phylum Verrucomicrobia, is well known to degrade mucin \[[@CR31]\] and promote intestinal inflammation. Interestingly, MS-SOD treatment reversed the changes in the 5-FU-treated mice reported above. Therefore, MS-SOD likely reduces 5-FU-induced mucositis by influencing the intestinal flora.

Furthermore, in vitro studies indicated that MS-SOD inhibited iNOS generation induced by LPS in a macrophage cell line and t-BHP in Caco2 cells. iNOS is mainly produced during pathological states and may be induced by inflammatory substances, thus leading to a high level of NO production, further damaging cells and worsening inflammation. Therefore, NOS, the target of MS-SOD, is inhibited by MS-SOD to treat inflammatory reactions. Mucosal damage is accompanied by barrier damage, including mechanical barrier, chemical barrier, biological barriers and immune barrier damage, among which mechanical barrier damage is the most important. The intestinal barrier structure depends on tight junctions (TJs) and adhesion proteins \[[@CR32]\]. TJs are closely related to the development of intestinal diseases \[[@CR32]\], and surface bacteria colonization is facile when there are cracks in the mucosa. The connected structural proteins include transmembrane proteins, cytoplasmic proteins and cytoskeletal proteins. These transmembrane proteins primarily include occludin \[[@CR33], [@CR34]\], claudins, and junction adhesion molecule (JAM). Claudin-2 is unregulated in the small and large intestine, where it contributes to diarrhea via a leak flux mechanism \[[@CR34]\]. The expression of most TJ proteins was low after 5-FU administration. However, MS-SOD did not obviously protect these proteins. Therefore, we hypothesized that 5-FU destroyed the composition of these proteins through damage to the intestinal mucosa epithelium, while MS-SOD failed to protect these proteins.

A model proposed by Sonis has been widely cited to explain the basic pathophysiology of mucosal injury \[[@CR10]\]. When inflammation occurs, the antioxidant system is destroyed, and ROS cannot be cleared in time, leading to oxidative stress and damage to intracellular targets. Proinflammatory cytokines are released after their activation by chemotherapy and ROS, leading to tissue damage and apoptosis. The release of a large number of proinflammatory cytokines enhances the entire inflammatory process and prolongs tissue damage. These effects primarily occur in the submucosa and basal epithelium. At this stage, although the tissue biology has changed, no obvious mucosal injury is observed clinically. Intestinal mucosal ulcers and atrophic changes are the apex events in tissue damage along with stem cell death. The integrity of the intestinal epithelium is destroyed, and its function is impaired. Patients usually have diarrhea at this stage. In the present study, we propose that the main protective effect of MS-SOD against intestinal mucosal injury is its effective scavenging of ROS at the initial stage of mucosal injury and that MS-SOD thus plays an indirect role in inflammation and barrier protein protection, thereby reducing the degree of intestinal mucosal injury.

In conclusion, we found that MS-SOD reduced 5-FU-induced mucositis in mice by improving oxidative stress, inflammation and dysbiosis. Therefore, MS-SOD might have clinical benefits for the prevention of intestinal mucositis during cancer chemotherapy. However, it is important to investigate the effects of MS-SOD on mucositis induced by other chemotherapy drugs to reach a more convincing conclusion that MS-SOD is an effective treatment for intestinal mucositis in chemotherapy.
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